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Abstract 
Sodium borohydride (NaBH4) has drawn a great attention as a high hydrogen storage density material. Catalytic 
hydrolysis has been widely used to extract hydrogen from NaBH4 alkaline solution but is still problematic in terms of 
the catalyst durability and byproduct disposal. In the present study, sodium bicarbonate (NaHCO3) was used as a 
catalytic solution and the NaBH4 solid particles were stored in a reacting chamber. The NaHCO3 solution was 
injected when the hydrogen is needed. The rate of hydrogen production was measured as various conditions such as 
the temperature, NaHCO3 concentration and injection speed. The hydrogen production was initiated immediately 
when the NaHCO3 solution was injected. The rate of hydrogen production and NaBH4 conversion increased with 
increasing the NaHCO3 concentration but decreased with increasing the injection speed of NaHCO3 solution. Based 
on the above results, a prototype of hydrogen generation system was developed. The system consisted of a chamber 
containing solid NaBH4 particles, an aqueous NaHCO3 chamber, a liquid pump, valves, cooling fans and sensors. The 
liquid pump supplied the NaHCO3 solution to the NaBH4 chamber through an injector. The temperature and pressure 
of the NaBH4 chamber were monitored during the reaction. The temperature and pressure were maintained into 70oC 
and 2 bar, respectively. The liquid pump was stopped when the pressure reached 2 bar. The liquid pump was restarted 
to generate hydrogen when the pressure was less than 2 bar because the fuel cell consumed hydrogen during the 
operation. The hydrogen generation system provided the sufficient hydrogen to operate the 100W fuel cell system. 
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1. Introduction 
Recently, chemical hydride as the source of hydrogen has been widely used in portable applications. 
The chemical hydride served as an alternative to compressed hydrogen [1]. Sodium borohydride (NaBH4) 
is used most commonly among the many chemical hydrides [1]. The NaBH4 is dissolved in water and the 
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aqueous solution is stored in a fuel tank. Hydrogen, when needed, is extracted by a catalytic hydrolysis. 
However, it is still problematic in terms of the catalyst durability and byproduct disposal. The hydrogen 
can be directly extracted from solid-state NaBH4 without catalysts to avoid above problems of the catalyst. 
It has been reported that acid solutions such as HCl and H2SO4 could be used to hydrolyze the solid 
NaBH4. However, these strong acids have difficulties in storage and handling. Particularly, HCl solution 
is quickly vaporized so the gasified HCl causes leakage and explosion. Hence, new hydrolysis agent is 
required, which should be safe and easy enough to carry, not storing acids.  
In the present study, we proposed a hydrogen generation from solid-state NaBH4 particles using 
sodium bicarbonate (NaHCO3) agents, which is not strong acid. In addition, it is harmless on a human 
body and environmentally friendly. 
2. Experiments 
2.1. Reaction tests 
Reaction setup was prepared to investigate reaction characteristics of the solid NaBH4 hydrolysis using 
NaHCO3 solutions. The reaction was performed in a water batch to control the reaction temperature due 
to the exothermic nature of NaBH4 hydrolysis. The NaHCO3 solution was precisely injected on the solid 
NaBH4 particles using a syringe pump. After the reaction, water vapor was separated through a water trap 
and hydrogen flow rate was measured by a volumetric flow meter. The saturation solubility of NaHCO3 
solution is 8.8 wt% (8.8 g in 100 g water) at 25oC. Therefore, the concentration of NaHCO3 solution 
varied with a range of 4~8%. In addition, the reaction temperature was selected as control parameters for 
the reaction test. From these tests, the optimal NaBH4/NaHCO3 reaction ratio was found. 
2.2. Product analysis 
NaBH4 hydrolysis generates hydrogen only as a gaseous product with sodium metaborate (NaBO2) as 
a byproduct in liquid state. When NaHCO3 is used, however, product gas composition should be analyzed 
because it could be decomposed into CO and CO2. The gaseous product after filtered through a silica trap 
was analyzed using gas chromatography. X-ray diffractometer (XRD) was used to reveal the NaHCO3 
role in the NaBH4 hydrolysis. For comparisons, four samples were prepared: i) pure NaBH4, ii) pure 
NaHCO3, iii) products after the hydrolysis without NaHCO3, and iv) products after the hydrolysis with 
NaHCO3. 
 
      
Fig. 1. Schematic of the hydrogen generation system (left) and the operating principle (right) 
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2.3. Hydrogen generation system 
The method proposed in this study was relatively difficult to control the hydrogen generation rate 
compared to the conventional catalytic hydrolysis from NaBH4 solution. Thus, the hydrogen generation 
system is developed as shown taking the control of the hydrogen generation rate into consideration as 
shown in Fig. 1(left). The hydrogen was temporarily pressurized in the reacting chamber and the pressure 
was released using a solenoid valve to supply hydrogen when needed. The NaHCO3 solution was injected 
again to generate hydrogen until the pressure reaches the predetermined value. The operation principle is 
shown in Fig. 1(right). 
3. Results and Discussion 
3.1. Effect of NaHCO3 concentrations on the hydrogen generation rate 
The NaHCO3 solutions were injected on the solid NaBH4 particles at different concentrations of 4, 5, 6, 
7, and 8 wt%. The injection rate was 20 ml/h and the amount of NaBH4 was fixed to 1 g at all reactions. 
The accumulated hydrogen amount as a function of the reaction time at the different NaHCO3 
concentrations is shown in Fig. 2 (left). The theoretical amount of hydrogen possible to be generated from 
the stoichiometric hydrolysis is 2370 ml/1 g NaBH4. The hydrogen yield was calculated from the 
percentage of the actual hydrogen amount to the theoretical amount. The hydrogen yields at different 
concentrations of 4, 5, 6, 7, and 8 wt% were 59.5, 64.8, 67.6, 71.9, and 74.3%, respectively. Thus, the 
hydrogen yield increased with increasing the NaHCO3 concentrations.  
3.2. Activation energy and XRD analysis 
The hydrogen generation rates were measured at the different reaction temperatures of 50, 60, 70, and 
80oC. The 0.1 g NaBH4 particles were used to neglect the effect of the reaction heat and the reaction was 
performed in a water bath. Activation energy was calculated by Arrhenius plot obtained from the result 
according to the reaction temperatures. The Arrhenius plot is shown in Fig. 2 (right). The activation 
energy for the hydrolysis of solid NaBH4 using NaHCO3 agent was 0.233 kJ/mol which was much lower 
than that for the catalytic hydrolysis (~50 kJ/mol). The XRD patterns are shown in Fig. 3 (left). The XRD 
pattern of the hydrolysis using NaHCO3 agent was different from that of the conventional hydrolysis. In 
addition, the typical peaks of NaHCO3 were not observed. It means that the NaHCO3 was reacted with 
NaBH4 and other byproducts with different crystal structures were formed.  
 
           
Fig. 2. Accumulated hydrogen amount at the different NaHCO3 concentrations (left) and Arrhenius plot (right) 
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Fig. 3. Results of XRD analysis (left) and the hydrogen pressure change (right) 
3.3. Performance of the hydrogen generation system 
The hydrogen pressure change of the hydrogen generation system during the operation is shown in Fig. 
3 (right). The maximum pressure was controlled to be 2 bar. The pressure decreased with the time 
because the hydrogen is released to operate the 100W fuel cell stack. When the pressure reaches down to 
1.6 bar, the pump was restarted to inject the NaHCO3 agent, re-pressurizing the reacting chamber.  
4. Conclusion 
In the present study, NaHCO3 was used as a catalytic solution to extract hydrogen from the NaBH4 
solid particles stored in a reacting chamber. The hydrogen generation rate and hydrogen yield increased 
with increasing the NaHCO3 concentration. A hydrogen generation system was developed, which 
provided the sufficient hydrogen to operate the 100W fuel cell system. 
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